Several types of muscular dystrophy are caused by defective linkage between a-dystroglycan (a-DG) and laminin. Among these, dystroglycanopathy, including Fukuyama-type congenital muscular dystrophy (FCMD), results from abnormal glycosylation of a-DG. Recent studies have shown that like-acetylglucosaminyltransferase (LARGE) strongly enhances the laminin-binding activity of a-DG. Therefore, restoration of the a-DG -laminin linkage by LARGE is considered one of the most promising possible therapies for muscular dystrophy. In this study, we generated transgenic mice that overexpress LARGE (LARGE Tg) and crossed them with dy 2J mice and fukutin conditional knockout mice, a model for laminin a2-deficient congenital muscular dystrophy (MDC1A) and FCMD, respectively. Remarkably, in both the strains, the transgenic overexpression of LARGE resulted in an aggravation of muscular dystrophy. Using morphometric analyses, we found that the deterioration of muscle pathology was caused by suppression of muscle regeneration. Overexpression of LARGE in C2C12 cells further demonstrated defects in myotube formation. Interestingly, a decreased expression of insulin-like growth factor 1 (IGF-1) was identified in both LARGE Tg mice and LARGE-overexpressing C2C12 myotubes. Supplementing the C2C12 cells with IGF-1 restored the defective myotube formation. Taken together, our findings indicate that the overexpression of LARGE aggravates muscular dystrophy by suppressing the muscle regeneration and this adverse effect is mediated via reduced expression of IGF-1.
INTRODUCTION
Dystroglycan (DG) is encoded by a single gene, Dag1, located on human chromosome 3p21 and cleaved into two proteins, a-and b-DG, by post-translational processing (1) . a-DG is an extracellular peripheral membrane protein and although its molecular mass is predicted to be 72 kDa from its amino acid sequence, its apparent molecular mass in skeletal muscle is 156 kDa owing to extensive glycosylation. a-DG binds to several extracellular matrix proteins including laminin, agrin and perlecan (1) and synaptic proteins such as neurexin and pikachurin (2, 3) . Transmembrane protein b-DG anchors a-DG at the extracellular surface of the plasma membrane (4) . The cytoplasmic domain of b-DG interacts with dystrophin, a large cytoplasmic protein that binds to F-actin (5) . Thus, DG plays a central role in stabilizing the plasma membrane by acting as an axis that links the extracellular matrix to the cytoskeleton.
a-DG is composed of distinct three domains: the N-terminal domain, the mucin-like domain and the C-terminal domain. The N-terminal domain is cleaved by the proprotein convertase furin and secreted outside cells (6, 7) . The mucin-like domain is highly glycosylated by O-linked oligosaccharides. Chiba et al. identified the O-mannosyl glycan, Siaa2-3Galb1-4GlcNAcb1-2Man, which is attached to the mucin-like domain of a-DG and is necessary for binding activity with laminin (8) . The O-mannose is phosphorylated at the 6th position and further extended on the distal side of the phosphate by a repeating disaccharide -3Xyla1-3GlcUAb1-. This extension is catalyzed by like-acetylglucosaminyltransferase (LARGE) and regulates the binding activity of a-DG (9, 10) . Most recently, it was demonstrated that SGK196 phosphorylates the 6th position of O-mannose of GalNAcb1-3GlcNAcb1-4Man on a-DG after the mannose had been modified by glycosyltransferase-like domain containing 2 (GTDC2) and b3-N-acetylgalactosaminyltransferase 2 (B3GALNT2) (11) .
The linkage between a-DG and laminin is crucial to stabilize the sarcolemma, and disruption of this linkage caused by aberrant glycosylation of a-DG underlies the pathogenesis of several types of muscular dystrophy (12) . These disorders are collectively called dystroglycanopathy. Their phenotypes range from severe congenital muscular dystrophy (CMD) to milder adult-onset limb-girdle muscular dystrophy (13) . The most severe end of this spectrum includes Walker-Warburg syndrome (OMIM236670), muscle-eye-brain disease (OMIM253280) and Fukuyama-type congenital muscular dystrophy (FCMD) (OMIM253800). These severe forms of muscular dystrophy are often associated with brain anomalies and ocular defects (13) . FCMD is the second most common childhood muscular dystrophy in Japan. The founder mutation, a SINE-VNTR-Alu retrotransposal insertion to the 3 ′ non-coding region, as well as several point mutations of fukutin has been reported in Japan and other countries (14, 15) . Thus far, mutations in 17 genes encoding known or putative glycosyltransferases have been identified as causative of the dystroglycanopathy. Among their gene products, enzymatic activities of protein O-mannosyltransferase 1 (POMT1) (16, 17) , protein O-mannosyltransferase 2 (POMT2) (17, 18) , protein O-linked mannose b-1,2-N-acetylglucosaminyltransferase 1 (POMGnT1) (19) , LARGE (10, 20) , SGK196 (11, 21) , GTDC2 (19, 22) and B3GALNT2 (11, 23) have been shown to be involved in the formation of O-mannosyl glycan on a-DG. Defects in dolichol kinase (DOLK) (24) , GDP-mannose pyrophosphorylase B (GMPPB) (25) , dolichol-P-mannose synthase polypeptide 1 (DMP1) (26), dolichol-P-mannose synthase polypeptide 2 (DMP2) (27) and dolichol-P-mannose synthase polypeptide 3 (DMP3) (28) lead to dystroglycanopathy by inhibiting the biosynthesis of dolichol-P-mannose, which is necessary for the initial step of O-mannosylation. Although the functions of fukutin (14) , fukutin-related protein (FKRP) (29) , b-1,3-N-acetylglucosaminyltransferase 1 (B3GNT1) (30) , isoprenoid synthase domain containing (ISPD) (31, 32) and transmembrane protein 5 (TMEM5) (33) have not been elucidated, they are thought to be involved in the formation of O-mannosyl glycan. In addition to these secondary defects in glycosylation, a primary mutation was identified in the N-terminal domain of a-DG in a patient with dystroglycanopathy (34) .
Apart from dystroglycanopathy, defects in the ligand of a-DG, laminin-211, also lead to muscular dystrophy. Laminin a2 chain-deficient congenital muscular dystrophy (MDC1A) (OMIM607855) presents as severe CMD associated with dysmyelination of peripheral nerves and white matter abnormalities in the brain. MDC1A is one of the most common forms of CMD, and it accounts for 30-40% of all patients with CMD (35) . The causative mutations of MDC1A were identified in the gene encoding laminin a2 chain, LAMA2 (36, 37) . These facts imply that the axis composed of a-DG and laminin is crucial to protect muscle cells from dystrophic changes.
Barresi et al. reported, using fibroblasts from patients with dystroglycanopathy such as FCMD and muscle -eye -brain disease, that overexpression of LARGE facilitated the glycosylation of a-DG and restored the reduced laminin-binding activity of a-DG irrespective of the gene involved (38) . Therefore, the up-regulation of laminin-binding activity of a-DG by the overexpression of LARGE could provide a novel therapeutic strategy for muscular dystrophy, regardless of whether the primary mutation resides in LARGE or not. To test this hypothesis, we generated transgenic mice overexpressing LARGE (LARGE Tg mice) and crossed them with dy 2J mice (39) and MCK-fukutin conditional knockout mice (FKTN cKO mice) (40) , a model of MDC1A and FCMD, respectively. Remarkably, the muscular dystrophy of both dy 2J and FKTN cKO mice was aggravated by the overexpression of LARGE. Morphometric analyses demonstrated that the regeneration of muscle fiber was suppressed in these mice. Furthermore, the transfection of C2C12 cells with LARGE led to deficits in proliferation and fusion of myoblasts. Finally, we found that the expression of insulin-like growth factor (IGF-1) was reduced in both LARGE Tg mice and LARGE-transfected C2C12 cells, and supplementation of IGF-1 rescued the suppressed myotube formation of C2C12 cells. These data indicate that the overexpression of LARGE suppresses the regeneration of skeletal muscle, at least partially, via down-regulation of IGF-1 and worsens the muscular dystrophy of dy 2J and FKTN cKO mice.
RESULTS

Generation and characterization of LARGE transgenic mice
First, to test the effect of overexpression of LARGE, we generated transgenic mice that overexpress LARGE (LARGE Tg mice) using CAG promoter (41) . Large Tg mice were born, grew normally and exhibited no obvious motor or behavioral abnormalities. The overexpression of LARGE was demonstrated in each tissue, including skeletal muscle, cardiac muscle, brain, peripheral nerve, kidney and liver by western blotting (Fig. 1A) . Consistently, the immunoreactivity of IIH6, which recognizes glycosylated form of a-DG, and the laminin-binding activity of a-DG were markedly increased in each tissue of LARGE Tg mice, as compared with the wild type ( Fig. 1A and B). In the brain of LARGE Tg mice, the enhanced signal of IIH6 was localized to the brain surface and capillaries (Fig. 1B) . Further, in situ overlay assay showed increased binding activity of skeletal and cardiac muscles for both laminin and agrin (Fig. 1C) . The expression of laminin a2, b1 and g1 chains was not significantly changed as confirmed by immunofluorescent analysis (Supplementary Material, Fig. S1A ).
On western blotting, the expression of each laminin chain was not altered, except for the finding that laminin a1 and b1/g1 chains were up-regulated in the cardiac muscle and liver (Supplementary Material, Fig. S1B ). Hematoxylin and eosin (H-E) staining revealed no morphological changes in each tissue observed (Fig. 1D) .
Overexpression of LARGE leads to aggravation of muscular dystrophy in dy 2J mice
In dy 2J mice, a model for MDC1A, a 57-amino acid deletion and a 1-amino acid substitution in the N-terminal domain of the laminin a2 chain lead to the expression of an N-terminally truncated protein (39) . Although the mutant protein exhibits defective polymerization and reduced heparin binding (42) , it has not been determined whether its binding activity to a-DG is still preserved. Thus, we first conducted a pH 12 extract overlay assay, in which a-DG on blots were overlaid with pH 12 extracts from the skeletal muscle of dy 2J mice that contain native laminin-211. When a-DG from control mouse was overlaid with the pH 12 extract from dy 2J mice, the laminin-211 bound to a-DG, which was also detected by IIH6 and anti-a-DG core protein, to the same degree as that from the control extract ( Fig. 2A, left) . The laminin-211 from dy /LARGE mice. (A) a-DG enriched by WGA chromatography was transferred to blots, overlaid with pH 12 extracts from dy 2J and control mice, and the bound laminin was detected by anti-laminin. Both laminin extracted from dy 2J and control mice bound equally to a-DG in control mice, which was also visualized by IIH6 antibody and antibody against core protein (left). Laminin extracted from dy 2J mice also bound to a-DG in LARGE Tg mice in the same manner as in the control (right mice also bound to a-DG of LARGE Tg mice as readily as that from control mice ( Fig. 2A, /LARGE mice). Western blotting analysis showed that LARGE was overexpressed in all dy 2J /LARGE mice, and IIH6 recognized intense and broad bands with molecular masses ranging from 150 to .250 kDa, indicating hyperglycosylation of a-DG in dy 2J / LARGE mice (Fig. 2B) . Signals of b-DG and a-actinin were not altered. Laminin overlay analysis revealed increased binding activity of a-DG in dy 2J /LARGE mice (Fig. 2B) . Immunofluorescent analysis showed again a remarkable increase in the reactivity of IIH6 at the sarcolemma of dy 2J /LARGE mice (Fig. 2C) . Immunolabeling of b-DG, laminin a2, b1 and g1 chains showed no obvious differences (Fig. 2C) mice (data not shown), and it was significantly smaller in both male and female mice at 8 weeks (Fig. 2D) . The grip strength was also weaker in both male and female mice at 8 weeks (Fig. 2E) . Further, the plot of Kaplan -Meyer estimates of survival probabilities revealed a far shorter life span of dy 2J / LARGE mice compared with dy 2J mice (Fig. 2F ). On pathological examination at 16 weeks of age using H-E staining, dy 2J mice exhibited a moderate degree of muscular dystrophy including occasional myofiber necrosis, interstitial fibrosis and central nucleation. However, the fibrosis and fatty infiltration were rather prominent in all the skeletal muscles tested in dy 2J /LARGE mice, including the gastrocnemius, tibialis anterior and quadriceps muscles (Fig. 3A) . The same pathological changes were observed at 8 weeks in dy 2J /LARGE mice (data not shown). In the following morphometric analyses, we used the gastrocnemius muscles of mice 16-22 weeks of age. The endomysial fibrosis area revealed by anti-mouse IgG (43) was significantly increased in dy (Fig. 3D ). Because the fibrosis was more prominent in dy 2J /LARGE mice than that in dy 2J mice, we expected that the regeneration of muscle fibers would be highly activated to compensate for the damaged tissue. However, the myofibers were found to be smaller and central nuclei fewer in dy 2J /LARGE mice, both findings implying that the regeneration is suppressed. Next, we performed electron microscopic analysis to observe the basement membrane. In control mice, the thickness of the basement membrane was consistent, and the double layers of lamina densa and lamina lucida were clearly seen. In contrast, the thickness of the basement membrane was variable, and thicker and thinner regions were observed in both dy 2J and dy 2J /LARGE mice. There was no difference in the basement membrane structure between dy 2J and dy 2J /LARGE mice (Supplementary Material, Fig. S2C ).
Overexpression of LARGE leads to aggravation of muscular dystrophy in FKTN cKO mice
We crossed LARGE Tg mice with FKTN cKO mice to generate FKTN cKO/LARGE mice. Western blotting analysis with IIH6 and laminin overlay assay showed that the defects in glycosylation and laminin binding of a-DG in FKTN cKO mice were restored and they were even enhanced in FKTN cKO/LARGE mice (Fig. 4A) . Immunoreactivity of b-DG and a-actinin were unaltered. Immunofluorescent analysis again showed abolished reactivity for IIH6 in FKTN cKO mice, whereas enhanced reactivity in FKTN cKO/LARGE mice (Fig. 4B) . Immunolabeling of b-DG, laminin a2, b1 and g1 chains was not changed (Fig. 4B) . The muscular dystrophy of FKTN cKO mice is mild (40) . Both FKTN cKO and FKTN cKO/LARGE mice were born, grew normally and exhibited no obvious motor or behavioral abnormalities (Supplementary Material, Fig. S3A ). Also, the pathological changes in FKTN cKO mice are mild and characterized by occasional myonecrosis and central nucleation. The fibrosis and infiltration of fat are only rarely observed in the older mice (40) . H-E staining of FKTN cKO mice at 24 weeks demonstrated these mild pathological features in the gastrocnemius, tibialis anterior, quadriceps and diaphragm muscles (Fig. 4C) . However, the fibrosis and infiltration of fat were often observed in FKTN cKO/LARGE mice (Fig. 4C ). In the following morphometric analyses, we used the gastrocnemius muscles of mice 24-27 weeks of age. The fibrosis area revealed by anti-mouse IgG (43) was significantly increased in FKTN cKO/LARGE mice (Supplementary Material, Fig. S3B, Fig. 4D ). The diameter of muscle fibers of FKTN cKO/LARGE mice tended to be smaller than those of FKTN cKO mice (Fig. 4E) , and the percentage of central nuclei was statistically unchanged between them (Fig. 4F ). These results are very similar to those obtained for dy 2J /LARGE mice. Thus, in two distinct mouse models, it is clear that the overexpression of LARGE resulted in aggravation of muscular dystrophy most likely via suppression of muscle regeneration.
Regeneration is not adequately activated in dystrophic muscles overexpressing LARGE
To further evaluate the muscle regeneration in dy 2J /LARGE and FKTN cKO/LARGE mice, we quantitated satellite cells, which are specialized muscle precursor cells that proliferate and fuse into myotubes following muscle damage. Using M-cadherin as a marker, we counted the number of satellite cells located just beneath the basement membrane (Fig. 5A ). The satellite cell number in dy 2J /LARGE mice tended to decrease as compared with dy 2J mice; however, the difference was not statistically significant (Fig. 5B) . The satellite cell number in FKTN cKO/ LARGE mice was unchanged compared with FKTN cKO mice (Fig. 5C ). Because M-cadherin is expressed in both mitotically quiescent satellite cells and actively proliferating myoblasts (44) , the number of M-cadherin-positive cells should be increased during muscle regeneration (45) . Therefore, these results indicate that the early stage of regeneration is insufficient to compensate for the progression of fibrosis in these mice.
Next, to evaluate the late stage of regeneration, we quantified the regenerating myofibers using embryonic myosin heavy chain (MyHC) as a marker (Fig. 5D) (Fig. 5E ), whereas the area was slightly increased in FKTN cKO/LARGE as compared with FKTN cKO mice (Fig. 5F ). These results may indicate that under the overexpression of LARGE, the regenerating fibers are recruited to some extent when the dystrophic change is so mild as that found in FKTN cKO mice. However, if the dystrophic change is as severe as that found in dy 2J mice and exceeds a certain limit, the overexpression of LARGE renders the damaged skeletal muscle incapable of fully recruiting the necessary regenerating fibers. Together, these results indicate that both the early and late stages of regeneration are suppressed by the overexpression of LARGE.
Myotube formation of C2C12 cell is suppressed by transfection of LARGE
To further clarify the effect of LARGE, we stably transfected C2C12 cells and obtained two clones overexpressing LARGE: clones 1 and 2. On western blotting with antibody against N-terminal polypeptide, LARGE in clone 1 migrated at 75 kDa, whereas in clone 2, it migrated at 90 kDa in both myoblasts and myotubes (Fig. 6A) . Using antibody against C-terminus, LARGE in clone 2 was detected at 90 kDa, whereas it was not detected in clone 1 (Fig. 6A) . These results indicate that clone 2 expresses full-length LARGE and clone 1 produces C-terminally truncated LARGE proteins, although the reason for this is unclear. Interestingly, IIH6 recognized hyperglycosylated a-DG at 130-250 kDa in clone 2, whereas, in clone 1, IIH6 detected a fainter band at the lower position of 100 kDa than in the control, implying hypoglycosylated a-DG (Fig. 6A) . We assume that this might be because the C-terminally truncated LARGE lacks enzymatic activity and competitively inhibits native LARGE. To validate this hypothesis, we generated several constructs of mutant LARGE and transfected them into HEK293 cells (Supplementary Material, Fig. S4A ). Thus far, only the three DxD motifs in the catalytic domains 1 and 2 of LARGE were shown indispensable to exert enzymatic activity Fig. S4B ). These results demonstrate that the entire luminal domain is essential for the function of LARGE and that the C-terminal truncation in clone 1 results in a loss of function.
Then, we tested the proliferation of C2C12 myoblasts using these clones. One and two days after plating, control myoblasts expanded rapidly; however, both clones 1 and 2 proliferated very slowly. This indicates that both the hypo-and hyperglycosylation of a-DG lead to defects in proliferation and that adequate glycosylation is necessary (Fig. 6B) . Further, we evaluated the differentiation of myoblasts to myotubes. Five days after switching from the growth to differentiation medium, although vigorous myotube formation was observed in the control and clone 1, smaller myotubes were only occasionally seen in clone 2 (Fig. 6C) . The fusion index of clone 2 was significantly lower than those in the control and clone 1, indicating that the hyperglycosylation of a-DG by LARGE suppressed the fusion of C2C12 myoblasts (Fig. 6D) . Similar results were obtained by transient transfection of C2C12 cells with LARGE (Supplementary Material, Fig. S5 ).
Expression of IGF-1 is decreased by overexpression of LARGE and its supplementation restores myotube formation
To elucidate the mechanism by which skeletal muscle regeneration as well as myotube formation of C2C12 is suppressed by the overexpression of LARGE, we performed a DNA microarray analysis using control and LARGE Tg mouse skeletal muscle. In 1209 transcripts that exhibited a significant expression change, we further searched regeneration-related genes using gene ontology with keywords, skeletal muscle regeneration, myoblast and satellite cell (Table 1) . Among them, of particular interest was the down-regulation of IGF-1, a well-known regulator of the muscle regeneration (47) . Thus, we examined the expression of IGF-1 in skeletal muscle by western blotting. As expected, IGF-1 was decreased in both the quadriceps and gastrocnemius muscles of LARGE Tg mice compared with controls (Fig. 7A) . Quantitative measurements of IGF-1 by ELISA further revealed a significant reduction in the skeletal muscles of LARGE Tg mice (Fig. 7B) . Western blotting of C2C12 myotubes demonstrated that the expression of IGF-1 was decreased in clone 2, which exhibited defects in myoblast fusion, whereas unchanged in clone 1 in which such defects were not observed (Fig. 7C) .
Finally, to examine whether IGF-1 could restore the fusion of myoblasts in clone 2, we added recombinant IGF-1 to the medium. Six days after plating the cells, the number of nuclei in the IGF-1-treated clone 2 cells increased slightly as compared with the untreated clone 2 cells; however, it was still significantly less than that in the controls (Fig. 7D) . In contrast, the fusion index of the treated clone 2 cells markedly increased and showed no significant difference from the controls (Fig. 7E) . These results indicate that the supplementation of IGF-1 restored 
DISCUSSION
The interaction between a-DG and laminin plays a critical role in stabilizing the sarcolemma against muscle contraction. Disruption of this linkage results in a high susceptibility to contraction-induced damage, eventually followed by muscular cell degeneration. This mechanism is hypothesized to underlie the pathogenesis of dystroglycanopathy (12) . In the case of laminin a2 chain-deficient MDC1A, the main cause of muscle cell degeneration seems to be a defect in polymerization of laminin-211; however, in some cases where mutations reside in the G domain of laminin a2, the defective interaction of laminin with a-DG may also play an important role (37, 39, 42) . LARGE is a glycosyltransferase that catalyzes addition of the repeating disaccharide -3Xyla1-3GlcUAb1-to the O-mannosyl glycan of a-DG (10). Because LARGE facilitates the glycosylation of a-DG and highly enhances its laminin-binding activity irrespective of the gene involved (38) , the overexpression of LARGE is considered one of the most promising possible therapies for muscular dystrophies such as dystroglycanopathy and MDC1A. In the present study, we generated transgenic mice that overexpress LARGE to evaluate the effects on skeletal muscles. To date, several LARGE transgenic mouse lines have been reported. First, Brockington et al. reported LARGE Tg mouse lines, in which the CAG promoter drove the expression of LARGE, exhibited hyperglycosylation of a-DG in skeletal and cardiac muscles but not in the brain, kidneys, liver or intestines (48) . A second mouse line described by Gumerson et al. expressed LARGE under control of the MCK promoter, and a-DG was hyperglycosylated in the skeletal and cardiac muscles (49) . In contrast to these transgenic lines, our LARGE Tg mouse exhibits hyperglycosylation of a-DG widely in most tissues, including skeletal and cardiac muscles, the brain, peripheral nerves, kidney and liver. As dystroglycanopathy and MDC1A are multi-organ disorders involving brain, eye and peripheral nerves as well as skeletal and cardiac muscles, our LARGE Tg mouse represents a powerful tool to test the effect of overexpression of LARGE in these tissues. -N) , clone 1 migrated at 75 kDa (white arrow), whereas clone 2 migrated at 90 kDa (black arrow) in both myoblast and myotube. Using antibody against the C-terminus of LARGE (LARGE-C), clone 2 migrated at 90 kDa (black arrow), whereas clone 1 was not detected. The asterisk represents a nonspecific reaction of antibody. IIH6 antibody recognized hyperglycosylated a-DG at 130-250 kDa in clone 2, whereas, in clone 1, IIH6 detected a fainter band at a lower position than in the control, indicating hypoglycosylated a-DG. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal control. (B) Cell numbers of clones 1 and 2 of the C2C12 myoblast were significantly less than those of the control 2 days after plating, indicating suppressed proliferation. P , 0.001 is represented by * * * . (C) C2C12 myoblasts were allowed to form myotubes by switching the growth medium to differentiation medium. Vigorous myotube formation was observed in both control and clone 1; however, smaller myotubes were only occasionally observed in clone 2. Scale bar represents 100 mm. (D) The fusion index of clone 2 was significantly lower than that of the control and clone 1. NS ¼ not statistically significant. P , 0.001 is represented by * * * .
We crossed the LARGE Tg mice with two distinct mouse models, dy 2J and FKTN cKO mice, the former is a model for MDC1A and the latter for FCMD (39, 40) . Contrary to expectations, the muscular dystrophy was worsened in both mouse models. The features of the worsened phenotype was common to these two lines and characterized by decreased or unchanged central nucleation and reduced diameter of muscle fibers, suggesting the insufficiently activated regeneration. Because fibrosis is a result of muscle fiber necrosis, regeneration should be activated to replace the damaged tissue. However, in both dy 2J /LARGE and FKTN cKO/LARGE mice, the central nucleation was not accelerated and the diameter of myofibers remained small, suggesting that the regeneration was insufficiently activated. Very recently, Whitmore et al. have reported that the muscular dystrophy of FKRP MD mouse, a model of another dystroglycanopathy (LGMD2I), was exacerbated when these mice were crossed with their LARGE Tg mice. However, they did not investigate the cause leading to the worsened muscular dystrophy in these mice (50) . The present report is the first to describe that the worsened phenotype is related to the defective regeneration of skeletal muscle.
To gain further insight into the regeneration process in dy 2J / LARGE and FKTN cKO/LARGE mice, we assessed satellite cells and regenerating fibers in these mice. Satellite cells are muscle stem cells located in a niche on the surface of myofiber beneath the ensheathing basement membrane (51) . Upon activation, they rapidly generate myoblasts. After proliferation and migration, the myoblasts further differentiate and eventually fuse together to form myotubes (51, 52) . We labeled the satellite cells with M-cadherin and the regenerating fibers with embryonic MyHC. Because M-cadherin stains satellite cells and actively proliferating myoblasts, whereas embryonic MyHC stains newly formed myotubes, immunolabeling of the former reflects an early stage and the latter a late stage of regeneration (44, 52) . However, neither the M-cadherin-positive cells nor the embryonic MyHC-positive myofibers were consistently increased in either the dy 2J /LARGE or the FKTN cKO/LARGE mice. These should increase if the regeneration process proceeds properly (44, 45) . Therefore, our findings provide strong evidence that both the early and the late stage of regeneration are impaired in dy 2J /LARGE and FKTN cKO/LARGE mice. The embryonic MyHC-stained area was slightly increased in FKTN cKO/LARGE mice. This may be accounted for by the existence of a limit of regeneration, which was exceeded in dy 2J /LARGE mice but not in FKTN cKO/LARGE mice. In a previous study, we injected cardiotoxin into LARGE Tg mice to induce an acute muscle injury and observed a reduction in muscle fiber diameter as compared with controls, suggesting a defect in myoblast fusion (41) . Our current data are consistent with this observation and further support the notion that the overexpression of LARGE results in suppression of the skeletal muscle regeneration, regardless of whether the involved injury is acute or chronic.
Prompted by these results, we further examined whether the overexpression of LARGE affects the myotube formation of C2C12 cells, an established in vitro model for the muscle regeneration. In agreement with the data obtained using model mice, the overexpression of LARGE in C2C12 cells led to defects in both proliferation and fusion of myoblasts. The proliferation and fusion of C2C12 cells represent the early and the late stage of the myotube formation, and the overexpression of LARGE affected these both stages. This recapitulates the defect in the muscle regeneration of mice where both the M-cadherinpositive satellite cells (early stage) and the embryonic MyHClabeled newly fused myotubes (late stage) were affected. Interestingly, the clone 1 of C2C12 cells, in which a-DG was hypoglycosylated, exhibited suppressed proliferation, but normal fusion of myoblasts. In a previous paper, we showed that the coordinated up-regulation of LARGE and the extension of the repeating disaccharides on a-DG are necessary for adequate muscle regeneration (41) . In the present study, we provide the first data showing that both the hypo-and hyperglycosylation of a-DG result in defective regeneration, the former by suppressing myoblast proliferation and the latter by reducing proliferation and fusion of myoblasts.
To dissect the mechanism underlying the suppression of regeneration by LARGE, we conducted a DNA microarray analysis and identified a significant reduction in the expression of IGF-1. This reduction was confirmed at the protein level both in LARGE Tg mice and clone 2 of C2C12 cells. IGF-1 is an autocrine/paracrine peptide growth factor with primary roles in promoting myoblast proliferation, differentiation to myofibers and the hypertrophy of skeletal muscles (47) . Muscle injury up-regulates the expression of IGF-1 by satellite cells, and after secretion, it binds to the IGF-1 receptors on the muscle cell surface (47) . Transgenic overexpression of IGF-1 in mice demonstrated the maintained regeneration efficacy in aged mice and the reduced muscle pathology in dystrophic mice (53 -55) . Remarkably, the supplementation of IGF-1 fully restored the fusion of myoblasts in C2C12 cells, implying that the impaired fusion of myoblasts was caused, at least partially, via the reduced expression of IGF-1. In the present study, the number of C2C12 nuclei was not restored after the supplementation of IGF-1. The IGF-1 supplementation favors proliferation of myoblasts in some cases and facilitates myotube formation in others, depending on its concentration and the timing of the supplementation (56, 57) . This biphasic effect of IGF-1 may explain why the number of nuclei was not fully rescued in the C2C12 cells. Quantitative measurements by ELISA revealed that IGF-1 was significantly decreased in the skeletal muscle of LARGE Tg mice (n ¼ 3, for all genotypes). P , 0.05 is represented by * . (C) Western blotting showed that expression of IGF-1 in C2C12 myotube was reduced in clone 2 but not in clone 1, indicating that the reduction of IGF-1 is associated with hyperglycosylation of a-DG. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal control. (D) Clone 2 of C2C12 myoblasts was supplemented with IGF-1 and allowed to differentiate into myotubes. Counting nuclei at 6 days after plating revealed that the number of nuclei in the IGF-1-treated clone 2 was slightly increased as compared with the untreated clone, whereas it was significantly less than that of the control. (E) The fusion index of IGF-1-treated clone 2 was markedly increased and exhibited no significant difference from the control. NS ¼ not statistically significant.
The mechanism leading to the reduction of IGF-1 expression by the overexpression of LARGE is still unclear. One possibility is that alteration of the signal transduction through DG might affect the expression of IGF-1. It is known that a tyrosine residue in the C-terminal PPxY motif of b-DG is phosphorylated in an adhesion-dependent manner (58) . This phosphorylation regulates the interaction of b-DG with dystrophin, utrophin and SH2 domain-containing signaling proteins (58) (59) (60) . Moreover, the interaction of laminin with a-DG propagates signals through the PI3K/AKT and Rac1/JNK pathways (61, 62) . The increased interaction of laminin with a-DG by LARGE may alter these or still unknown signaling pathway and eventually affect the expression of IGF-1. Another possibility is that unidentified proteins other than a-DG might be modified by LARGE and cause the alteration of the IGF-1 expression (63) . Finally, it should be considered that factors or processes unrelated to decreased IGF-1 expression might also contribute to the regeneration defect. It has been shown that the interaction of a-DG with laminin inhibits the migration of cultured cells by attenuating the integrin signal that activates the ERK/AKT pathway (64) . As myoblasts must migrate to the damaged site during muscle regeneration (51, 52) , increased glycosylation by LARGE might suppress regeneration by inactivating this pathway. In addition, mechanisms not involving muscle regeneration might also underlie the worsened muscular dystrophy especially in FKTN cKO/LARGE mice, in which the regeneration defect was not so striking as dy 2J /LARGE mice. In conclusion, we generated LARGE Tg mice and crossed them with dy 2J and FKTN cKO mice to investigate the effect of overexpression of LARGE. In both resulting strains, the muscular dystrophy was worsened. We identified suppressed muscle regeneration, which at least partially resulted from the reduced IGF-1 expression, as the cause of the deterioration seen in muscular dystrophy. In our study, as well as others (50) , the transgenic overexpression of LARGE led to the exacerbation of muscular dystrophy, whereas adeno-associated virus-mediated transfer of LARGE has been reported to ameliorate the phenotype of muscular dystrophy in LARGE myd and POMGnT1 KO mice (65) . Although the reason for this discrepancy remains unclear, the expression level, timing of expression and/or transduced cell type may be different between these two gene delivery systems. In order to develop a therapeutic strategy using the overexpression of LARGE, its adverse effects on skeletal muscle should be carefully investigated.
MATERIALS AND METHODS
Generation of mice
Generation of LARGE Tg mice and MCK-fukutin conditional knockout mice (FKTN cKO mice) were reported previously (40, 41) . B6.WK-Lama2dy-2J/J (Dy 2J ) mice were obtained from Jackson laboratory (Bar Harbor, Maine, USA). Mice heterozygous for the Lama2dy-2J mutation were crossed with mice hemizygous for LARGE Tg, and mice heterozygous for Lama2dy-2J carrying LARGE were further crossed with mice heterozygous for Lama2dy-2J to generate mice homozygous for Lama2dy-2J carrying LARGE hemizygously (Dy 2J / LARGE). Fig. S4A ). Goat polyclonal antibody, GT20ADG, against core protein of a-DG (12) was a kind gift from Dr K. P. Campbell (University of Iowa, Iowa City, Iowa, USA). In addition, the following antibodies were used in this study: mouse monoclonal antibody IIH6 against glycosylated a-DG (Millipore), rabbit polyclonal antibody against C-terminal domain of b-DG (Sigma-Aldrich), rabbit polyclonal antibody against EHS-laminin (Sigma-Aldrich), rat monoclonal antibody against laminin a2 chain (Enzo), rat monoclonal antibody against laminin b1 chain (Millipore), rat monoclonal antibody against laminin g1 chain (Millipore), rabbit polyclonal antibody against M-cadherin (Life Technologies), goat polyclonal antibody against IGF-1 (R&D systems), mouse monoclonal antibody against FLAG (Sigma -Aldrich), mouse monoclonal antibody against a-actinin (SigmaAldrich), rabbit polyclonal antibody against GAPDH (Santa Cruz Biotechnology), mouse monoclonal antibody F1.653 against embryonic MyHC (Developmental Studies Hybridoma Bank), mouse monoclonal antibody MF-20 against MyHC (Developmental Studies Hybridoma Bank), Alexafluor 488-and 594-conjugated secondary antibodies (Life Technologies) and horseradish peroxidase-labeled secondary antibodies (GE Healthcare).
Histology, immunofluorescence and electron microscopy
Histological and immunofluorescent microscopic analysis was performed on Dy 2J , Dy 2J /LARGE, FKTN cKO, FKTN cKO/ LARGE and their age-matched control mice between the ages 8 to 27 weeks. Muscles were removed and frozen in liquid nitrogen-cooled isopentane, and cryosections of 8 mm in thickness were prepared. The standard technique was used for hematoxylin-eosin (H-E) staining. For immunofluorescence analysis, the sections were blocked with 5% bovine serum albumin in phosphate-buffered saline (PBS), followed by incubation with primary antibodies for 1 h and then incubated with Alexafluor 488-or 594-conjugated secondary antibody for 1 h. Subsequently, the sections were mounted with Vectashield (Vector Laboratories) and observed under a FSX100 fluorescence microscope (Olympus) or a confocal laser microscope A1 (Nikon). For immunofluorescent analyses of C2C12 cells, myoblasts and myotubes were fixed in 4% paraformaldehyde, permeabilized with 0.2% Triton X-100 and stained with antiMyHC for 1 h using a mouse on mouse (M.O.M.) kit (Vector Laboratories). After washing with PBS, the cells were incubated for 30 min with Alexafluor 488-conjugated anti-mouse IgG antibody. The slides were mounted with Vectashield with DAPI (Vector Laboratories), and the fluorescent images were taken using a FSX100 fluorescence microscope (Olympus). The basement membranes of the quadriceps muscles were observed with a transmission electron microscopy H-7650 (Hitachi Hightechnologies) using the standard techniques. The in situ ligand overlay assay was described elsewhere (66) .
Cell culture and transfection C2C12 cells were obtained from ATCC and HEK293 cells from the Human Science Research Resource Bank (Osaka, Japan). C2C12 myoblasts were plated at a density of 1.9 × 10 6 /ml on poly-D-lysine/laminin-coated coverslips (Corning) and grown in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum (ATCC), 100 U/ml penicillin G and 100 mg/ml streptomycin (Life Technologies) (growth medium). Next day, cells were induced to differentiate into myotubes by lowering the serum concentration to 2% horse serum (differentiation medium). Five days after replacing the medium, cells were stained for immunofluorescent analysis or harvested for biochemical assay. In some experiments, 10 ng/ml of mouse recombinant IGF-1 (Cell Signaling Technology) was added to both the growth and the differentiation mediums. HEK293 cells were plated on plastic culture dishes (DB Bioscience) and grown in the growth medium described earlier. All cells were grown in a humidified 378C incubator with 5% CO 2 and 95% air. Human LARGE cDNA was obtained from OriGene and cloned into pCMV-FLAG-MAT-Tag-2 (Sigma -Aldrich) for transient transfection of cells. C2C12 and HEK293 cells were transfected using Effectene (Qiagen). For stable transfection of C2C12 cells, the CAG promoter and human LARGE cDNA were cloned into pLenti6/R4R2/V5-DEST using Gateway BP reaction and lentivirus expression vector was generated according to the standard protocol. Stable transfectants were selected in growth medium supplemented with 2.5 mg/ml of Blastcidin S (Life Technologies). Expression vectors for the deletion and chimeric mutants of human LARGE were constructed using the KOD-Plus-Mutagenesis Kit according to the manufacturer's protocols (Toyobo).
Morphometric analysis
For morphometric analysis of skeletal muscles, 5 × 5 stitching images of gastrocnemius muscles, captured at a magnification of 20× using a FSX100 fluorescence microscope (Olympus), were used. Three mice from each genotype were analyzed (n ¼ 3), at ages of 16-22 weeks for dy 2J , dy
2J
/LARGE mice and their controls and 24-27 weeks for FKTN cKO, FKTN cKO/LARGE mice and their controls. For the evaluation of fibrosis, the area stained by anti-mouse IgG, which nonspecifically labels connective tissues and fibrosis, was quantitatively measured by the ImageJ software. For assessment of size variation in muscle fibers, minimal Feret's diameter of individual muscle fiber stained by anti-laminin a2 was measured using ImageJ software. For quantitative evaluation of centrally located nuclei, the total nuclei number was counted using ImageJ software and internal nuclei were assessed by visual inspection of images double-stained by anti-laminin a2 and DAPI. Satellite cells stained by M-cadherin located just beneath the basement membrane labeled with anti-laminin a2 were counted. Regenerating fibers were immunolabeled by embryonic MyHC, and the area was measured using ImageJ software. For morphometric analysis of C2C12 cells, 5 × 5 stitching images of at least five visual fields were captured at a magnification of 20×. Number of DAPI-stained nuclei was counted with ImageJ software, and the fusion index was calculated by dividing the nuclei number in MyHC-stained cells by total nuclei number. The same experiment was repeated three times. Statistical differences were evaluated by t-test, and P-values , 0.05 were considered statistically significant.
Western blotting, blot overlay assay and ELISA
For western blotting and laminin blot overlay assay, tissues were isolated and disrupted with a polytron followed by Dounce homogenization in 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.6 mg/ml pepstatin A, 0.5 mg/ml leupeptin, 0.5 mg/ml aprotinin, 0.75 mM benzamidine and 0.1 mM PMSF. Proteins were then extracted by boiling in sample buffer (65 mM Tris -HCl, pH 7.4, 0.115 M sucrose, 3% SDS, 1% b-mercaptoethanol) for 3 min. After briefly spinning down debris, the homogenate was applied to 4 -15% SDS-PAGE. In some experiments, dissected skeletal muscles were homogenized and then incubated with 1% Triton X-100 to solubilize the membrane proteins, and a-DG was enriched by WGA (wheat germ agglutinin) chromatography. Western blotting and laminin blot overlay assay was performed as described previously (12) , and images were captured using LAS-3000 software (Fujifilm). For pH 12 extract overlay, skeletal muscles of dy 2J and control mice were homogenized, centrifuged at 35 000g for 20 min, and the pellets were incubated at pH 12 for 1 h and centrifuged at 140 000g for 35 min. The supernatant, which included endogenous laminin, was incubated with blots overnight, and the laminin bound to a-DG was detected with anti-laminin antibody. Mouse gastrocnemius muscles and C2C12 myotubes were homogenized as described earlier, centrifuged at 20 000g for 10 min, and the concentration of IGF-1 in the supernatant was measured using a Quantikine ELISA kit for Mouse/Rat IGF-1 (R&D Systems).
DNA microarray analysis
Gastrocnemius muscles of LARGE Tg mouse and control mouse at 16 weeks of age were dissected and stored in RNAlater (Life Technologies). Total RNA was isolated from the muscles using RNeasy Fibrous Tissue Midi Kit (Qiagen). Microarray analysis was performed using Whole Mouse Genome Oligo Microarray 4 × 44 k (Agilent Technologies). Microarray data were extracted from scanned images and analyzed using GeneSpring software (Agilent Technologies). Gene ontology search was performed within the genes that exhibited a significant change in expression, i.e. z-score ≥ 2 and ratio ≥ 1.5 (increase in LARGE Tg) or z-score ≤ 22 and ratio ≤ 0.66 (decrease in LARGE Tg).
Miscellaneous
Body weights of male and female dy 2J , dy 2J /LARGE and control mice (n ¼ 4 -15) were measured at 4 and 8 weeks of age. Grip strength was measured for 10 consecutive trials for dy 2J , dy 2J / LARGE and control mice (n ¼ 4 -6) at the age of 8 weeks using a grip strength meter (Panlab). Kaplan -Meier estimates of survival probabilities were calculated for dy 2J and dy 2J / LARGE mice (n ¼ 11 and 15, respectively) using survival analysis add-on software to Excel (NAG).
